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CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW 
Thesis organization 
This thesis is divided into four chapters; the first chapter is a literature review followed 
by the objectives of this research. The second chapter describes the laboratory selection for 
increased survival of larvae of the lady beetle predator Coleomegilla maculata when fed 
Leptinotarsa decemlineata (Colorado potato beetle) eggs. The third chapter presents an 
evaluation of the use of a semiochemical, 2-phenylethanol to improve rates of predation of 
Leptinotarsa decemlineata egg masses in potato plots and Ostrinia nubilalis (European corn 
borer) egg masses in corn fields. 
Each chapter follows the publication guidelines of the Entomological Society of America 
and includes an abstract, introduction, materials and methods, results, discussion, and 
references. The final chapter is a general discussion and presents conclusions from this 
thesis research. 
Literature Review 
Manipulation of natural enemies 
The effectiveness of natural enemies in reducing pest populations can be enhanced 
through augmentation, conservation, and selective breeding for genetic improvement of their 
populations (DeBach 1964, Elzen and King 1999). Augmentation increases the populations 
of natural enemies through mass production and releases. There are two approaches to 
augmentation, inoculative releases and inundative releases. Inoculation involves releases of 
low numbers of natural enemies at intervals throughout the period of pest activity. Most 
control is provided later by the offspring of the released organisms. Inundative releases 
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involve a large numbers of natural enemies for immediate suppression of the pest (Elzen et 
a1.1998, DeBach and Rosen 1991). 
Conservation involves the manipulation of the environment, reducing factors that affect 
natural enemies, including pesticides, or providing needed resources to protect and maintain 
natural enemy populations including the use of semiochemicals (Van Driesche and Bellows 
1996, Gurr et al. 2000). Both augmentation and conservation enhance the survival and 
reproduction of natural enemies (Huffaker et al. 1977, DeBach and Rosen 1991). Several 
biological control practices including the provision of alternative foods, sites for oviposition, 
protective refugia, genetic manipulation, and use of semiochemicals have been used to 
enhance population of natural enemies in agricultural systems (Gross 1987, Gurr et al. 2000, 
Landis et al. 2000). 
Alternative foods 
The application of artificial food sprays to plants can alter the distribution of natural 
enemies, by arresting females of selected predatory species to lay eggs in agroecosystems 
with low prey densities (Hagen et al. 1971). Sprays of 10 %sucrose solutions on corn plants 
concentrated adults of Coccinellidae and Chrysopidae, and significantly reduced larval 
populations of the European corn borer (Ostrinia nubilalis), (Lepidoptera: Crambidae) 
(Carlson and Chiang 1973). Spraying enzymatic protein hydrolysate of brewer yeast mixed 
with sugar and water on alfalfa fields induced Chrysoperla carnea (Neuroptera: 
Chrysopidae) females to lay eggs at low prey densities, significantly reducing aphid 
populations (Hagen et al. 1971). Evans and Richards (1997) reported that spraying sucrose 
dissolved in water on alfalfa plots significantly increased the number of Coccinella 
transversoguttata adults (Coleoptera: Coccinellidae) compared to water sprayed plots. 
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Intercropping and shelters enhance natural enemy oviposition 
Some entomophagous insects need additional nutritional requirements such as 
carbohydrates and amino acids from plants to increase their fecundity and longevity (Stoner 
1970). Studies have shown that the use of some weeds increases entomophagous insect 
populations by providing supplemental food, alternative hosts, and a moderated microclimate 
(Landis et al. 2000). Intercropped weeds have been used in integrated pest management to 
provide stable and high densities of natural enemies that maintain lower insect pest 
population in a crop system (Altieri and Whitcomb 1979). It has been observed in cassava, 
Manihot esculenta (Crantz), intercropped with cowpea, Vigna unguiculata (Walp), that the 
predator Delphastus pusillus (Coleoptera: Coccinellidae) and the parasitoids Amitus 
aleurodinus (Hymenoptera: Platygasteridae) and Eretmocerus aleurodiphaga (Hymenoptera: 
Aphelinidae) reduced populations of Alleurotrachelus socialis (Homoptera: Aleyrodidae) on 
cassava, compared with a monoculture system (Gold et al. 1989). 
Artificially provided shelter can be a key requisite for the survival and enhancement of 
natural enemies (Landis et al. 2000). For example, Polistes spp. are important predators of 
lepidopterous larvae. The foraging activity of Polistes simillimum (Hymenoptera: Vespidae) 
colonies in artificial wood shelters in corn fields significantly reduced the populations of 
Spodoptera frugiperda (Lepidoptera: Noctuidae) (Prezoto and Vera 1999). 
Genetic manipulation 
There are three potential methods for genetic manipulation of natural enemies, artificial 
selection, hybridization, and recombinant DNA techniques (Hoy 1994). Examples of traits 
that have been selected for in natural enemies include climatic tolerance, altered sex ratio, 
host finding ability, insecticide resistance and increased fecundity (Roush and Hoy 1981, 
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Beckendorf and Hoy 1985, Hoy and Ouyang, 1989, Hoy 1994). Laboratory selection of 
several predatory mite species (Acari: Phytoseiidae) has resulted in enhanced fecundity, 
temperature tolerance, non-diapause strains, and pesticide resistance (Hoy 1988). 
Successful selection for non-diapause in predatory mites was reported by van Houten et 
al. (1995). They found that ten generations of selection at L10 (23 °C): D14 (16 °C) in 
Amblyseius cucumeris (Acari: Phytoseiidae) resulted in a decrease of diapause incidence 
from 41 % to 0 %, when selected individuals were exposed to L:D 14:10, and 19 °C. 
Amblyseius barkeri (Acari: Phytoseiidae) was selected under similar conditions, and the 
response was faster. Diapause incidence decreased from 67 % to 0 % by the sixth generation 
(van Houten et al. 1995). 
The combination of several factors such as low humidity, extreme temperatures, and 
reduced quality and quantity of food induce Coccinellidae to enter diapause (Hodek 1973). 
Field populations of Coccinella septempunctata L. (Coleoptera: Coccinellidae) were 
collected after hibernation and reared for nine generations under a selective pressure for non- 
diapausing traits [(L:D 16:8), and 25 °C)]. After the second generation, diapause incidence 
decreased from 86 % to 0 % (Hodek and Cerkasov 1961). 
The use of natural enemies that are resistant to insecticides has been used in integrated 
pest management (Grafton-Cardwell and Hoy, 1986). Selection for resistance to an
insecticide was accomplished after 20 generations in populations of the predatory mite 
Metaseiulus occidentalis (Atari: Phytoseiidae). Females of M. occidentalis sprayed with 2 
ppm abamectin showed higher survival and fecundity than females which were not exposed 
to abamectin (Hoy and Ouyang 1989). 
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Field populations of the generalist predator, Chrysoperla carnea, have shown tolerance to 
some chlorinated hydrocarbons, and pyrethroid insecticides (Grafton-Cardwell and Hoy, 
1986). Larvae of C. carnea were sprayed with organophosphates (diazinon and phosmet), 
the carbamates (carbaryl and methomyl) under laboratory conditions, and mortality rate was 
assessed after 48 hours. Chrysoperla carnea was highly resistant to carbaryl compared to the 
other insecticides. Thus, the carbaryl resistant strain was chosen for laboratory selection. 
Chrysoperla carnea larvae were selected for six consecutive generations by exposing first 
instar larvae to carbaryl and allowing surviving individuals to reproduce. More than 80 
percent of the selected C. carnea larvae survived carbaryl treatments after four generations of 
selection compared to only three percent survival of the unselected population (Grafton- 
Cardwell and Hoy, 1986). 
Few studies have been attempted to improve the performance of predatory insects by 
increasing their fecundity on a specific prey species. Adalia bipunctata (Coleoptera: 
Coccinellidae) does not reproduce on the black bean aphid, Aphis fabae (Homoptera: 
Aphididae) (Rana et al. 2002). Laboratory studies quantified the performance of A. 
bipunctata on A. fabae, an aphid species that is considered unsuitable prey for A. bipunctata. 
As a control prey, A. bipunctata was reared on pea aphids, Acyrthosiphon pisum (Hams) 
(Homoptera: Aphididae), which is considered a suitable prey for this lady beetle. After 
rearing A. bipunctata for six generations on A. fabae, this generalist lady beetle showed 
improvement in its performance on this low quality diet. The pre-oviposition period, and 
larval and preimaginal development time decreased for A. bipunctata reared on A. fabae, 
compared to A. bipunctata reared on A. pisum which did not show any change in these 
parameters. Fecundity, longevity, and adult fresh weight increased significantly through the 
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six generations of A. bipunctata reared on A. fabae, compared to the A. bipunctata reared on 
A. pisum which did not show any changes in these parameters over the six generation study 
(Rana et al. 2002). 
Semiochemical mediated predator behavior 
Another approach to manipulate parasitoids and predators to improve their efficacy is the 
use of semiochemicals (Lewis 1981; DeBach and Rosen 1991). Semiochemicals are 
chemicals that mediate interaction between organisms (Greany and Hagen 1981). These 
chemicals are divided into two groups; pheromones that cause a specific reaction in a 
receiving organism of the same species and allelochemicals that promote communication 
between members of different species (Nordlund 1981). The allelochemicals are divided into 
allomones that evoke behavioral or physiological negative response in the receiver and are 
favorable to the emitter, kairomones that benefit the receiver rather than the emitter, and 
synomones, which are favorable to both the emitter and receiver (Nordlund 1981). 
Kairomones or stimuli released by herbivores can serve as long distance attractants, and cues 
for host location, host recognition, and host suitability (Vinson and Iwantsch 1980, Vet and 
Dicke 1992). Although other compounds are not kairomones, their function is similar and 
parasitoids use them to find their host (Vinson 1976, Greany et al. 1977). For example, 
parasitoids may respond to compounds produced by the host as secondary metabolites of its 
activity (ie. fungal symbionts). 
Predatory insects rely on chemical, visual, and olfactory cues to locate and select their 
prey (Vinson and Iwantsch 1980). The sequence of events leading to the proper 
identification of the target organism by predator is similar to that utilized by parasitoids to 
select hosts (Hagen 1987). Generally, predator and parasitoid natural enemies follow four 
steps to find the target organism: (1) prey habitat location, (2) prey location (3) prey 
acceptance, and (4) prey suitability (Hagen 1987). 
Prey habitat location 
Successful finding of the target organism starts with identification of the host's habitat, 
which relies on visual and olfactory cues emitted by plants and insect prey. Olfactory stimuli 
are classified in volatile compounds released by the plant (synomone) or insect (kairomone), 
which serve as chemical signals to the natural enemy (Greany and Hagen 1981). Synomones 
benefit plants by attracting natural enemies that reduce pest populations; this chemical 
information is readily detected due to the large biomass of the first trophic level (Vet and 
Dicke 1992). For example, Gols et al. (1999) examined the behavioral response of 
Phytoseiulus persimilis, a predatory mite species, on gerbera leaves treated with jasmonic 
acid (JA), a plant hormone involved in plant defense in response to herbivore attack. 
Olfactometer tests showed that P. persimilis females preferred JA-treated leaves to non- 
treated control leaves. Accumulation of JA induces the expression of genes involved in the 
synthesis of terpenoids, known attractants of P. persimilis (Gols et al. 1999). Another study 
based upon olfactometer and greenhouse release-recapture experiments demonstrated that 
Phytoseiulus persimilis are preferentially attracted to cucumber plants infested with spider 
mites, T. urticae, compared to clean cucumber plants (Janssen 1999). 
Prey location 
In addition to plant stimuli, predatory insects rely on chemical and physical cues emitted 
by the target insect to locate prey within its habitat. However, some predatory species detect 
their prey by only contact, without any visual or olfactory cues (Lewis 1981). Obata (1986) 
documented that Harmonia axyridis (Coleoptera: Coccinellidae) were attracted more to 
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Aphis citricola-infested Erigeron annuus leaves, over aphid odor and leaf stimulus alone. 
These results suggested that H. axyridis relied on both olfactory and visual cues to 
successfully find A. citricola within the E. annuus microhabitat. 
Parasitic wasps learn to respond to specific odors that are associated with their hosts 
(Tunings et al. 1990). The sources of chemicals used as kairomones by parasitoids are 
diverse and include frass, webbing, salivary constituents, honeydew, body scales, and egg 
chorions (Vet and Dicke 1992). Flight tunnel experiments showed that Cotesia 
marginiventris (Hymenoptera: Braconidae), a parasitoid of beet armyworm Spodoptera 
ezigua (Lepidoptera: Noctuidae), preferred corn leaves damaged by S. exigua over leaves 
damaged using a razor blade (Tunings et al. 1990). 
Other examples ofpredator-stimuli interactions are between the golden eye lacewing 
Chrysoperla carnea, and several food resources. Hagen et al. (1971) documented this 
apparently anemotactic stimulus, the movement against the direction of the wind, by 
attracting C. carnea with artificial honeydew on alfalfa plants. This stimulus was dependent 
on the plant's phenology, increasing until alfalfa reached anthesis and decreasing during 
alfalfa flowering. Thus, there appears to be volatile compounds produced during alfalfa 
growth stage that act synergistically with the honeydew attracting C. carnea to both prey and 
habitat (Hagen 1987). A similar study reports that the use of caryophyllene attracts 
Chrysopidae species (Flint et al. 1979). Caryophyllene is a volatile compound found in many 
essential oils, including clove oil in cotton plants, and it has been reported an attractant for 
insects that reside in cotton. The attractancy of this volatile compound to Chrysopidae 
species depends on the stage of cotton development plant (Flint et al. 1979). There was a 
higher number of Chrysopidae in traps treated with caryophyllene compared to untreated 
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traps. The same study shows that the attraction of Chrysopidae to caryophyllene sprayed on 
cotton plants was altered by the stage of the plant. There were no significant differences in 
the number of Chrysopidae in sprayed cotton plots compared to the untreated plots during 
late season. The response of Chrysopidae to caryophyllene was greater early in the season, 
before bloom development, but decreased during flowering cotton stage (Flint et al 1979). 
Prey acceptance 
After the predator finds the prey, it must be subdued and consumed. However, there are 
several factors that provide stimuli to the predator for prey acceptance, including size, 
movement, shape, and internal and external chemicals of the prey. Prey integumentary 
chemicals such as waxes can serve as kairomones for acceptance by some predators (Greany 
and Hagen 1981). For example, chemicals present in Heliothis eggs that are used to attach 
the eggs to the substrate, may serve as a prey acceptance kairomone for C. carnea (Nordlund 
et al. 1977). Another important factor in prey acceptance is the size of the prey (Sabelis 
1992). The success of various coccinellids in capturing their prey depends on the stage of 
development of predator and prey. First instar stages are less successful than older stages. It 
has been reported that first instars of lacewings are unable to penetrate the chorion of certain 
moth species eggs (Hagen 1987). The chorion of Galerucella pusilla (Coleoptera: 
Chrysomelidae) may be a barrier for first and second instars of C. maculata (Wiebe and 
Obrycki 2001). 
Prey suitability 
Once the prey is accepted, the predatory insects feed on it and may reproduce 
successfully. If the prey is not suitable, it may have low nutritional value for the predatory 
species. The predator may reject or may continue feeding, but with negative effects (Hagen 
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1987). These negative effects include retarded developmental time, and reduced fecundity 
and longevity. For example C. maculata survives on Hypera postica larvae, but no 
reproduction is observed on these larvae. However, under field conditions, this type of food 
may keep C. maculata alive until adequate food for reproduction is available (Giles et al. 
1994). Another negative effect may be a delay in the start of oviposition. Munyaneza and 
Obrycki (1997) reported that the pre-oviposition period was two times longer for C. maculata 
females feeding on L. decemlineata eggs compared to those maintained on an excess of A. 
pisum. Survival is also affected by low food quality. Wiebe and Obrycki (2001) reported 
that only 5% of C. maculata individuals reached maturity when fed on Galerucella pusilla 
(Coleoptera: Chrysomelidae), compared to 83 %survival when C. maculata was fed on A. 
pisum. The authors suggest that G. pusilla eggs lack nutritional requirements for 
development of C. maculata larvae. Several species of aphids may be an unsuitable prey of 
adults and larvae of coccinellid species. Larvae of the two spotted lady beetle Adalia 
bipunctata have been reported to feed on the black bean aphid Aphis fabae. However, A. 
bipunctata exhibits higher mortality when it is reared on A. fabae, than when it is reared on 
A. pisum (Rana et al. 2002) 
Manipulation of semiochemicals to enhance natural enemies efficacy 
Natural enemies of herbivorous insects use acoustic, visual, vibrational and chemical 
cues in foraging behavior (Lewis 1981). The importance of semiochemicals in foraging by 
parasitoids has been well documented. Some investigators have suggested applying 
semiochemicals to arrest and/or attract parasitoids in crop fields, or to enhance the responses 
of parasitoids to hosts (Vet and Dicke 1992, Hare and Luck 1994, Meiners et al. 1997). 
Strand and Vinson (1982) reported that recognition kairomones could be successfully used in 
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the artificial rearing of parasitoids. They induced oviposition of Telenomus heliothidis 
Ashmead (Hymenoptera: Scelionidae) on non-host Spodopotera frugiperda Smith 
(Lepidoptera: Noctuidae) eggs through the use of kairomones from Heliothis virescens 
Fabricius (Lepidoptera: Noctuidae). Fifty percent of the S. frugiperda eggs covered with the 
kairomones were recognized and attacked by the parasitoid compared to 20 % of the 
untreated eggs. Telenomus heliothidis exhibited all the oviposition characteristics that are 
observed when attacking normal host, including host examination, oviposition, and marking 
hosts (Strand and Vinson 1982). 
Podisus maculiventris, the spined soldier bug (Heteroptera: Pentatomidae) produces an
aggregation pheromone that is commercially available (soldier bug attractors~). This 
synthetic pheromone has been used to augment P. maculiventris populations to suppress L. 
decemlineata infestations (Aldrich and Cantelo 1999). Soldier bug attractor was deployed 
in potato fields to attract adults of P. maculiventris. The number of L. decemlineata egg 
masses was reduced in plots with pheromone dispensers compared to numbers in control 
plots. The number of potatoes produced per plant in pheromone plots was significantly 
higher than control plants. This pheromone could be also used to attract adults of P. 
maculiventris for use in mass rearing programs and release of this insect in inundative 
releases (Aldrich and Cantelo 1999). 
Electroantennogram responses to semiochemicals released from prey species and host 
plants indicate that natural enemies may use these chemicals to locate their prey (Zhu et al. 
1999). It has been reported that Coleomegilla maculata and C. carnea responded to several 
corn leaf volatiles and aphid sex pheromones. Both sexes of C. maculata respond to several 
corn volatiles; farnesene, terpineol, and 2-phenylethanol were more attractive than pinene 
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and 2-hexenal. Chrysoperla carnea showed significant responses to 2-phenylethanol, and 
farnesene. Both predator species responded to sex pheromones used by aphids, 
(4aS,7S,7aR)-nepetalactone and (1R,4aS,7S,7aR)-nepetalactol (Zhu et al. 1999). 
After Zhu et al. (1999) found that 2-phenylethanol was highly attractive to C. carnea and 
C. maculata, this volatile compound was patented by the ISU Research Foundation and 
licensed by MSTRS~ Technologies, Inc. This company has developed a long lasting lure 
formulated with the attractant and has shown that this lure is attractive to Chrysopa spp and 
to Coleomegilla maculata. This semiochemical could be used as a stimulant to improve the 
efficacy of these predatory species in agro-ecosystems, and retain them in the field for longer 
periods of time (Zhu et al. 1999). This lure is marketed by, among others, Gardens Alive! 
and is available to growers and gardeners (http://www.gardensalive.com). 
Coleomegilla maculata and Leptinotarsa decemlineata 
The Colorado potato beetle, Leptinotarsa decemlineata (Say) (Coleoptera: 
Chrysomelidae), is one of most important insect pest of potato Solanum tuberosum L. in the 
eastern United States (Casagrande 1987, Hare 1990). Resistance of the Colorado potato 
beetle to insecticides has resulted in a search for effective biological control (Hare 1990). 
Several studies have been conducted to assess the effectiveness of Coleomegilla maculata 
(DeGeer) (Coleoptera: Coccinellidae) as a predator of L. decemlineata eggs (Hazzard and 
Ferro 1991, Lu et al. 1996, Munyaneza and Obrycki 1997). 
Coleomegilla maculata, a native polyphagous predatory species, is widely distributed 
east of the Rocky Mountains in North America (Gordon .1985). This lady beetle is found in 
many agricultural habitats including wheat, triticale, oat, sorghum, maize, soybean, and 
alfalfa (Maredia et al. 1992, Roger et al. 2000). Coleomegilla maculata feeds on mobile life 
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stages, and eggs of many pest species. The four instars and adults are predaceous and may 
attack the same prey species (Roger et al. 2000). Coleomegilla maculata has been reported 
to be the most important insect predator of eggs and small larvae of L. decemlineata (Groden 
et al. 1990, Hazzard and Ferro 1991, Hazzard et al. 1991, Lu et al. 1996, Munyaneza and 
Obrycki 1997). 
Hazzard and Ferro (1991) quantified larval development of C. maculata from 
Massachusetts on L. decemlineata eggs, corn pollen and green peach aphids (Myzus 
persicae). Seventy nine percent of C. maculata survived to adult stage on L. decemlineata 
eggs, and 100% survived on corn pollen and M. persicae. Munyaneza and Obrycki (1998) 
examined the survival of three populations of C. maculata from two locations in North 
America (Story County, Iowa; and Washington County, Rhode Island), and one location in 
Central America (E1 Paraiso, Honduras) on L. decemlineata eggs. Low preimaginal survival 
was observed for C. maculata from Honduras (I.7 %), and Iowa (5 %), but significantly 
higher survival was noted for the Rhode Island population (30 %). Munyaneza and Obrycki 
(1998) suggested that the higher survival of C. maculata from Rhode Island might be related 
to the exposure and adaptation of this predator on L. decemlineata eggs. 
Multiple factors maybe involved in the high mortality of first instar C. maculata on L. 
decemlineata eggs. One factor maybe the inability of young C. maculata larvae to penetrate 
the L. decemlineata chorion with their mandibles. Thus, the high survival reported on C. 
maculata larvae on Rhode Island maybe because its mouthparts may be adapted to the 
chorion of L. decemlineata eggs where this insect is considered an important pest of potato. 
Another factor that may affect the mortality of the young larvae could be the time of larval 
transfer to the L. decemlineata eggs. After the larvae hatch, they feed on the chorion and 
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other unhatched eggs. Thus, the larvae increase size and may manipulate and consume more 
L. decemlineata eggs. Coleomegilla maculata first instars may exhibit high mortality if they 
are transferred to L. decemlineata eggs without feeding on the chorion of sibling eggs. 
Based upon these previous studies, one question to consider was: Is it possible to improve the 
survival of C. maculata on L. decemlineata eggs through artificial selection? 
Coleomegilla maculata complex 
Genetic analysis of six populations of C. maculata from Maryland, USA, separated by 
approximately 116 Km, showed no genetic differentiation among populations (Coll et al. 
1994). The allele frequencies at each locus studied were similar among six populations in 
Maryland (Coll et al. 1994). Because C. maculata is native to North America, Coll et al. 
(1994) concluded that there has been sufficient time for high rates of gene flow among 
populations, and these populations have reached a genetic equilibrium. 
In contrast, electrophoretic studies of C. maculata population from the United States 
(Iowa, Connecticut, Rhode Island, Texas and New York) and Honduras (Central America) 
showed there was significant heterogeneity among populations (Krafsur and Obrycki 2000). 
A higher level of heterogeneity was observed in C. maculata from Honduras compared to 
United States populations. There were no significant genetic differences among North 
American C. maculata. No post-mating barriers to gene flow were detected when 
populations from Iowa and Texas were crossed. There was a large fraction of unshared 
alleles between North American and Honduras population (Krafsur and Obrycki 2000). 
Genetic studies of survival C. maculata populations from North America demonstrate a 
large pool of randomly mating beetles, showing little genetic differentiation among 
populations. In contrast, the genetic differences between North America and Honduras 
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populations indicate separation of gene pools, because there are not significant 
morphological differences between North America and Honduras populations, these 
populations may represent sibling species (Krafsur and Obrycki 2000). 
Qb j ectives 
The objectives of this research were to: 
• Artificially select a population of Coleomegilla maculata from Story County, Iowa 
for increased survival on Leptinotarsa decemlineata eggs. 
• Quantify semiochemically enhanced rates of predation of Leptinotarsa decemlineata 
and Ostrinia nubilalis egg masses placed on potato and corn plants in the field. 
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CHAPTER 2. ARTIFICIAL SELECTION OF COLEOMEGILLA MACULATA 
LARVAE ON LEPTINOTARSA DECEMLINEATA EGGS 
Abstract 
Three trials were conducted to enhance the survival of Coleomegilla maculata larvae 
from Iowa on Leptinotarsa decemlineata eggs. There was a tendency for relatively high 
mortality of first (60 %) and second instar (49 %) C. maculata when fed L. decemlineata 
eggs. Twelve and 16 percent of C. maculata adults survived to the adult stage in the first and 
second trial, respectively. No oviposition was observed when adults were fed L. 
decemlineata eggs for 60 days. In the third trial, C. maculata first instars were fed on 
punctured L. decemlineata eggs and A. pisum. Adults were mated a,nd oviposition by C. 
maculata was obtained only on L. decemlineata eggs and Acyrthosiphon pisum. Fifty-two 
percent of C. maculata reared on L. decemlineata survived to adult stage in the first 
generation, and 46 %survived to the adult stage in the second generation. There were no 
significant differences in survival between the first and second generations; however there 
were significant differences in developmental time between generations. The time of larval 
transfer (> 24 hr after eclosion) maybe an important factor to enhance survival of C. 
maculata larvae on L. decemlineata. First instar C. maculata that feed on the chorion of 
unhatched and hatched eggs of siblings within an egg mass may increase body size and 
successfully feed on L. decemlineata eggs. 
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Introduction 
Genetic improvement of beneficial arthropods has been achieved using traditional 
breeding methods that involve finding individuals with the desired traits and selecting them 
to produce the next generation (Hoy 1994). The selection methods include artificial selection, 
hybridization, and recombinant DNA techniques to enhance desired characteristics (Hoy 
1994). The process of genetic manipulation requires (1) identification of a specific genetic 
trait that will improve the performance of the natural enemy, (2) evaluation of the genetic 
variability and confirmation of the desired specific genetic trait within the natural population, 
thus facilitating selection, and (3) confirmation of improved fitness of the natural enemy 
under field conditions (Beckendorf and Hoy 1985, Hoy 1985, Hoy 1988, Whitten and Hoy 
1999). 
Examples of successful artificial selection programs include predatory mites (Acari: 
Phytoseiidae) and chrysopids (Neuroptera: Chrysopidae) resistant to insecticides (Hoy 1985, 
Grafton-Cardwell and Hoy, 1986, Hoy 1994). Pesticide resistant predatory mites have been 
released for integrated pest management in apple, pear, and almond orchards, greenhouses 
and strawberry fields (Whitten and Hoy 1999). 
Roush and Hoy (1981) reported the first successful genetic improvement of the field 
effectiveness of Metaseiulus occidentalis Nesbitt (Acari: Phytoseiidae) through laboratory 
selection. Metaseiulus occidentalis populations resistant to cazbaryl were released in almond 
orchards to reduce spider mites, Tetranychus urticae Koch (Acari: Tetranychidae). There 
were more M. occidentalis and fewer T. urticae in the almond trees treated with the resistant 
strain after application of carbaryl, than on almond trees treated with a susceptible M. 
occidentalis strain (Roush and Hoy 1981). 
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Other artificial selection studies have been focused on coccinellids (Coleoptera: 
Coccinellidae) under laboratory conditions. These studies include selection for improvement 
of host preference, improved climatic tolerance, non-diapause, and development of a 
flightless strain of Harmonia axyridis (van Houten et al. 1995, Tourniaire et al. 2000). 
Rana et al. (2002) attempted to improve the performance of Adalia bipunctata L. 
(Coleoptera: Coccinellidae) through genetic manipulation on a poor quality prey, the black 
bean aphid, Aphis fabae Scopoli (Homoptera: Aphididae). Aphis fabae is considered an
unsuitable prey for A. bipunctata because A. bipunctata has high immature mortality when 
reared on A. fabae. After rearing on A. fabae for six generations, the mortality of A. 
bipunctata was reduced from 58% in the first generation to 3%after the sixth generation. In 
addition, A. bipunctata larval developmental time decreased from 17 days to 11 days, and 
pre-oviposition period decreased from 16 to 12 days. Furthermore, adult fresh weight, 
fecundity, and longevity increased when A. bipunctata was reared on A. fabae for six 
generations (Rana et al. 2002). 
Mutagens maybe used to cause mutations in the population for artificial selection 
purposes. For example, the aphidophagous predator lady beetle, Harmonia aayridis Pallas 
(Coleoptera: Coccinellidae) was fed chemical mutagens and Ephestia kuehniella Zeller eggs 
(Lepidoptera: Crambidae), which enhanced the residence of the predator in crops (Tourniaire 
et al. 2000). Adults with normal elytra and wings that did not fly were chosen to start 
subsequent generations. The incidence of flightless adults increased to 90% in the fifth 
generation, and after the twelfth generation the incidence of flightless adults was 100 %. 
Flightless H. axyridis would remain in fields for longer periods and provide higher levels of 
biological control (Tourniaire et al. 2000). 
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In a different investigation, Hodek and Cerkasov (1961) utilized artificial selection on 
Coccinella septempunctata L (Coleoptera: Coccinellidae) populations to decrease the 
incidence of diapause. Under selective pressure (16L: 8D photoperiod, and 25 °C), the 
incidence of diapause in C. septempunctata decreased from 86% to 0 % in the twelfth 
generation. 
Many natural enemies attack the Colorado potato beetle, Leptinotarsa decemlineata Say 
(Coleoptera: Chrysomelidae), including the generalist predators Coleomegilla maculata (De 
Geer) (Coleoptera: Coccinellidae), Hippodamia convergens (Guerin) (Coleoptera: 
Coccinellidae), Collops quadrimaculatus (Fabricius) (Coleoptera: Melyridae), Podisus 
maculiventris (Say), Perillus bioculatus (Say) (Heteroptera: Pentatomidae), and Nabis spp. 
(Heteroptera: Nabidae) (Hazzard and Feno, 1991, Aldrich and Cantelo 1999, Hough- 
Goldstein et al. 1993, Hilbeck et al. 1997, Munyaneza and Obrycki 1998). Within the natural 
enemies for L. decemlineata, the lady beetle C. maculata represents the most important 
predator of egg masses and small larvae in the eastern United States (Groden et al. 1990, 
Hazzard and Ferro 1991, Hazzard et al. 1991, Hilbeck and Kennedy 1996, Hilbeck et al. 
1997). The geographic distribution of C. maculata is east of Rocky Mountains in North 
America (Obrycki and Tauber 1978, Gordon 1985). This predatory species feeds on L. 
decemlineata egg masses and larvae in several areas of the United States (Hazzard and Ferro 
1991, Hazzard et al. 1991). Survival of C. maculata from Iowa (United States) and Central 
American that fed on L. decemlineata egg masses was 5% and 1.7%, respectively, compared 
to 30% survival of a C. maculata population from eastern US (Munyaneza and Obrycki 
1998). Potatoes are not widely planted in Iowa, and it has been reported that Leptinotarsa 
decemlineata is not an important pest in potato fields in the state. Therefore, the objective of 
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this study was to artificially select a C. maculata population from Story County (Iowa) to 
increase larval survival when fed L. decemlineata eggs. 
Materials and Methods 
Coleomegilla maculata adults were collected from alfalfa fields in Story County, Iowa in 
July 2000. Five to seven adults of mixed sex were maintained at 22 ~ 1 °C, 16:8 (L:D) 
photoperiod, and placed in a half pint cage (0.241iter) provided with water, pea aphids 
(Acyrthosiphon pisum) (Harris) (Homoptera: Aphididae) and a 1:1 mixture of honey and 
wheast (wheast is the mixture of yeast Kluyreromyces fragilis and milk-whey substrate 
(Hagen and Bishop 1979). Cages were checked daily, and eggs masses were collected and 
placed individually in glass vials. 
Leptinotarsa decemlineata eggs used in this experiment were from a colony maintained 
on potato plants (Cobbler variety), in a greenhouse at 22 ~ 1 °C and 16:8 (L:D) photoperiod. 
The adults were collected from potato fields in Minnesota in May 2001 by Joseph 
Munyaneza, Department of Entomology, University of Minnesota (current address: USDA- 
ARS-YARL. Wapato, WA). 
Three series of trials (February 2001, March 2001, July 2001) were conduced to assess 
the survival of C. maculata on L. decemlineata eggs. Larvae were checked daily, and 
mortality, developmental time, and adult weights were recorded for each individual. All 
adults from the three series were weighed on a Metter AE 100 scale, approximately 24 h after 
eclosion. 
First trial 
In February 2001, thirty three < 24 h old first instar C. maculata were placed individually 
in 4.5 cm diameter petri dishes. Each insect was provided with 10 to 20 L. decemlineata 
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eggs, which were changed daily. These eggs were collected daily fr om the L. decemlineata 
colony and placed at S °C for > 24 hours. Four F 1 adults were placed in a half pint cage 
(0.24 liter) with a fresh daily supply of L. decemlineata eggs, water and a 1:1 mixture of 
honey and wheast for approximately 45 days. No oviposition was observed during the 45-
day evaluation period. 
Second trial 
A secand series of rearing was conducted in March 2001. Sixty-nine first instar C. 
maculata were placed individually in petri dishes and fed 10 to 15 fresh L. decemlineata eggs 
daily. These eggs were collected daily from the L. decemlineata females and placed at 5 °C 
for > 24 h. First instars were also provided with A. pisum as a complementary food source. 
Individuals that survived to second instars were fed L. decemlineata eggs alone. Second and 
third instars larvae received 10 eggs daily, fourth instars were fed 20 eggs daily. Eleven 
individuals survived to adult stage and were placed in a half pint cage (0.24 liter) provided 
with L. decemlineata eggs, water and a 1:1 mixture of honey and wheast. Mating behavior 
was observed; however, no eggs were observed during 60 days. 
For the control treatment, 24 first instar C. maculata larvae < 24 h old were individually 
placed in petri dishes. Larvae were supplied daily with an abundance of A. pisum, 
survivorship was recorded for each individual, and each individual was weighted after they 
reached the adult stage. 
Third trial 
Another series of rearing was initiated in July 2001. A group of 69 C. maculata first 
instars (< 24 hours) were placed in petri dishes and fed 10 to 15 fresh L. decemlineata eggs 
(< 24 h old). Each egg was punctured with a # 1 insect pin. First instar C'. maculata were 
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also provided with A. pisum; individuals that survived to second instars were fed only (< 24 
h) L. decemlineata eggs. Second instars received 10 L. decemlineata eggs daily and third and 
fourth instars received 20 L. decemlineata eggs daily. Thirty-six (F1) adults were grouped in 
a plastic box (18 cm wide and 9 cm height) and provided with fresh L. decemlineata eggs 
daily, water and a 1:1 mixture of honey and wheast. Mating was observed, but similar to first 
and second series results, no eggs were observed after approximately three weeks. After 
three weeks, adults were provided with A. pisum and L. decemlineata eggs, which instigated 
oviposition in C. maculata females. Successful oviposition allowed breeding of a second 
generation (F2). Thirty seven F2 C. maculata larvae (< 24 h old) emerged from these eggs 
and individual larvae were placed in petri dishes. First instar C. maculata larvae were fed on 
punctured L. decemlineata eggs < 24 h old, and A. pisum. The individuals that survived to 
second instar stages were fed on L. decemlineata eggs < 24 h old. Third and fourth instars C. 
maculata were also fed on L. decemlineata eggs. 
For the control group, 37 C. maculata first instars (< 24 h old) were individually placed 
in 4.5 cm diameter petri dishes. Each larva was provided daily with A. pisum, survivorship 
was recorded daily for each individual. Each individual was weighed after they reached the 
adult stage. Thirty-seven adults from this F1 generation were placed in a plastic box and 
provided with A. pisum, water, and a 1:1 mixture of honey and wheast. Forty-five (F2) C. 
maculata larvae were individually placed in petri dishes and provided with A. pisum. 
Survivorship was recorded for each larva and adult. Weight was recorded for each adult. 
Voucher specimens are deposited in the Iowa State Insect Collection, Department of 
Entomology, Iowa State University, Ames, Iowa. 
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Statistical analysis 
For the first and second trial, percent survival for each stage was the number of 
individuals that survived a particular stage divided by the number entering stage. In the third 
trial, the survival, developmental time, and weight data were separately analyzed as a two-
way ANOVA. Tests for differences between generations within a diet, and for differences 
between diets were conducted with Student's t-tests. The level of significance was set at P < 
0.05. All analyses were conducted using general linear models procedure (SAS Institute 
2000). 
Results 
Development and survival of Coleomegilla maculata 
In the first trial, the percent survival of C. maculata on L. decemlineata eggs was 12 
(Table 1). High mortality of immature stages occurred mostly during the early (first and 
second) instars. The total developmental time was 23 days (Table 1). The mean weight of 
adults was 0.0095 g (Table 1). 
In the second trial, the percent survival of C. maculata on L. decemlineata eggs was 16 
(Table 1). The highest mortality of immature stages also occurred during the early (first and 
second) instars and third instars. The total developmental time was 18.5 days and the weight 
of the adults was 0.0091 g (Table 1). On the control diet of A. pisum, the percent survival of 
C. maculata was 79 %. The total developmental time was 16 days and mean weight of the 
adults was 0.0097 g (Table 1). 
For the third trial, percentage survival on L. decemlineata eggs was similar for both 
generations (p = 0.68). The percentage survival of the first generation was 52.2% and 46.0% 
for the second generation (Table 2). There is a tendency toward higher mortality of 
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immature stages during the first and second instars of C. maculata reared on L. decemlineata 
eggs (Fig. 1). 
The survivorship of the first and second generation of C. maculata on A. pisum in the 
third trial was 100% and 77 %, respectively. There were significant differences in 
survivorship of C. maculata fed on L. decemlineata eggs compared to A. pisum (p = 0.001) 
(Table 2). There were significant differences in total developmental time of C. maculata 
reared on L. decemlineata eggs compared to A. pisum (p = 0.0001) (Table 2). The longest 
mean developmental time was observed on L. decemlineata eggs (16.3 and 17. 1 days during 
the first and second generation respectively), and the shortest mean developmental time was 
observed on A. pisum (14.8 and 14.4 days for the first and second generation, respectively) 
(Table 2). There were significant differences in developmental time between generations of 
C. maculata on L. decemlineata eggs (p = 0.0076), however there were no significant 
differences between generations of C. maculata reared on A. pisum (p = 0.11) (Table 2). 
There were significant differences in weight between C. maculata reared on L. 
decemlineata compared to A. pisum (p = 0.0001) (Table 3). Adults reared on A. pisum 
weighed more than those reared on L. decemlineata eggs. Similarly, there were significant 
differences in weight between first and second generation of C. maculata on L. decemlineata 
eggs (p = 0.01). Coleomegilla maculata reared on A. pisum do not show significant 
differences in weight between generations (Table 3). 
Discussion 
Genetic manipulation studies have three steps to follow: identifying the trait to improve, 
manipulating the strain, and evaluating the modified organism under laboratory and field 
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conditions (Hill and Caballero 1992, Whitten and Hoy 1999). Genetic manipulation can be 
effective when the natural enemy is known to be a potential biological control agent except 
for a limiting trait that needs to be improved. The goal of genetic manipulation is to increase 
the population of beneficial arthropods that have been selected, and their impact in the field. 
This improvement requires the knowledge of the biology and ecology of both pest and 
natural enemies and the interaction between them (Hoy 1994). 
In this artificial selection study of C. maculata, I examined the first two aspects of 
artificial selection experiment identified by Whitten and Hoy (1999). The trait to be 
improved is survival of C. maculata larvae on L. decemlineata eggs. The present study is the 
first attempt to artificially select Coleomegilla maculata to enhance its survival on L. 
decemlineata eggs. Our investigation indicated that the survival of first instar C. maculata 
larvae reared exclusively on L. decemlineata eggs (trial 1) was 12.2 %. When first instars C. 
maculata were fed on L. decemlineata eggs and A. pisum (trial 2), the response was similar 
(1 S .9%). However, when first instar C. maculata larvae were fed punctured L. decemlineata 
eggs and A. pisum (trial 3), the survival increased to approximately 50 %. 
Previous studies have reported survival of first instar C. maculata feeding on L. 
decemlineata eggs, ranging from 5 % to 79 %, depending on the origin of the C. maculata 
population (Munyaneza and Obrycki 1998; Hazzard and Ferro 1991). Slmllarly, Munyaneza 
and Obrycki (1998) reported diets of L. decemlineata eggs in combination with A. pisum 
enhanced the survival of first instar C. maculata from 5% to 45 %compared to L. 
decemlineata eggs alone. 
In the three trials of C. maculata artificial selection, we observed a tendency towards 
higher larvae mortality during the first and second instars. However in the second generation 
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of the third trial, relatively high mortality occurred during the third instar. Munyaneza and 
Obrycki (1998) proposed that at least two factors might explain the differences in survival of 
C. maculata populations on L. decemlineata eggs. First, geographic variation in prey 
suitability may occur in C. maculata populations from the eastern United States, where this 
insect is an abundant pest in potato, tomato and egg plant fields (Hare 1990). Munyaneza 
and Obrycki (1998) observed that most C. maculata first instars (< 24 hr old) were unable to 
penetrate the chorion of L. decemlineata eggs, possibly due to the eggshell hardness or 
physical size of C. maculata mouthparts. Likewise, I observed that < 24 h old C. maculata 
instars demonstrated difficulty manipulating and penetrating L. decemlineata eggs. 
Leptinotarsa decemlineata eggs are larger than the young first instar C. maculata thus, it is 
highly probable that the difficulty of the young larvae in manipulating the eggs with their 
mouthparts and front legs was a main factor affecting mortality observed in the early (first 
and second) instars in the three trials. 
The second factor that could explain the high survival of C. maculata on L. decemlineata 
eggs reported by Hazzard and Ferro (1991) is the time of transfer of C.maculata larvae to L. 
decemlineata eggs (Munyaneza and Obrycki 1998). After eclosion, C. maculata larvae feed 
on hatched egg chorions and unhatched eggs (Cottrell and Yeargan 1998), thus, the larvae 
increase their size and the probability to successfully prey on L. decemlineata eggs. 
Therefore, by transferring older C. maculata larvae (> 24 hrs) to L. decemlineata eggs, the 
first instars may better manipulate and consume more eggs, which could increase their 
survivorship. In this current study, the low survival observed in first instar C. maculata 
could be due to the transfer time to L. decemlineata eggs. 
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In addition to the two factors mentioned by Munyaneza and Obrycki (1998), I propose a 
third factor that might explain the high mortality of C. maculata first instars. The chorion of 
L. decemlineata eggs hardens with age. My experiment used L. decemlineata eggs (> 24 h 
old), which have harder chorions than freshly laid eggs. Therefore, if this experiment was 
repeated with fresh (< 24 h old) L. decemlineata eggs, the mortality of first instar C. 
maculata might decrease. 
Munyaneza and Obrycki (1997) quantified the reproductive response of C. maculata to A. 
pisum and L. decemlineata eggs. Although the preoviposition period of C. maculata feeding 
on A. pisum was shorter than C. maculata feeding on L. decemlineata eggs, C. maculata laid 
eggs on both diets (Munyaneza and Obrycki 1997). However, in this current study C. 
maculata oviposition was not observed when adults were fed L. decemlineata eggs for 
approximately 45 days. Coleomegilla maculata that had been fed L. decemlineata eggs 
started to lay eggs after A. pisum was added to their diet. The results of this study do not 
agree with Munyaneza and Obrycki (1997), who report C. maculata oviposition on L. 
decemlineata eggs alone. The only difference between these two studies was that 
Munyaneza and Obrycki (1997) used single pairs of C. maculata, while I placed all C. 
maculata adults in a large plastic box. One possible explanation for the lack of oviposition 
by C. maculata, might be that there were no females that survived to the adult stage. 
Cannibalism of the eggs by adult C. maculata might be another factor that might be involved 
in the lack of oviposition. At this point it is not possible to determine if factors, such as 
potato variety, may affect the nutritional value of L. decemlineata eggs, thus affecting the 
physiology of C. maculata. 
33 
Hazzard and Ferro (1991) suggested that L. decemlineata eggs are a suitable prey, but not 
an optimal diet for female C. maculata. This means that the survival, developmental time, 
and oviposition of C. maculata were higher on the aphid diet compared to that on L. 
decemlineata eggs. Munyaneza and Obrycki (1998) indicated that L. decemlineata eggs are 
not an adequate prey for young first instar C. maculata, due to the higher mortality observed 
in early instars. However, L. decemlineata eggs may be an important prey to maintain C. 
maculata populations in the field during periods of low availability of aphids (Hazzard and 
Ferro 1991). 
Another factor that might explain the variation on the adaptability of C. maculata to L. 
decemlineata as a food source could be the genetic makeup of the predator (Krafsur et al 
1995). Electrophoretic studies have been used to determine genetic variation of C. maculata 
populations. In one of these studies, C. maculata from the United States (Iowa, Connecticut, 
Rhode Island, Texas and New York) and Honduras (Central America) showed genetic 
differences among North American and Honduras populations (Krafsur and Obrycki 2000). 
Crosses within United States population resulted in a fertile progeny; conversely, crosses 
between the Honduras and North American populations were sterile, even though the 
populations demonstrated mating behavior (Krafsur and Obrycki 2000). 
Using a similar approach, Coll et al. (1994) analyzed six populations of C. maculata from 
Maryland, USA. This study showed that there are no significant departures from random 
mating and there are high levels of genetic flow among Maryland populations. Because C. 
maculata is native to North America (Gordon 1985), Coll et al. (1994) suggested that there 
has been sufficient time for a high rate of gene flow among populations, and these 
populations have reached genetic equilibrium. Krafsur et al. (1995) reported that C. 
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maculata from Iowa and Delaware do not have significant genetic differences among 
populations within and between states. Coleomegilla maculata maintains genetic flow 
among populations, and mating behavior is at random within and among populations 
(Krafsur et al. 1995). 
Three hypotheses were proposed to describe the low survival of C. maculata from Iowa 
on L. decemlineata. First, co-evolution has not occurred between these species, thus the 
predator does not have the physiological or behavioral adaptations to feed on the prey. 
Second, the extent of larval development prior to exposure to L. decemlineata prey affects 
the ability of C. maculata larvae to feed on eggs. Third, the chorion of L. decemlineata eggs 
hardens with age and may affect the survival of C. maculata larvae. 
My laboratory observations suggest that hatched C. maculata larvae that feed on their 
chorion or un-hatched C. maculata eggs, experience enhanced growth rates and demonstrate 
better adaptation to L. decemlineata eggs. This stage-dependant ability of C. maculata to 
feed on L. decemlineata has previously been reported by Munyaneza and Obrycki (1998). 
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CHAPTER 3. USE OF SEMIOCHEMICALS TO MANIPULATE PREDATORS OF 
LEPTINOTARSA DECEMLINEA TA AND OSTRINIA NUBILALIS 
Abstract 
From July to August 2001 (2-phenylethanol), disseminated from Benallure dispensers, 
was tested as an attractant to enhance predation of Leptinotarsa decemlineata (Coleoptera: 
Chrysomelidae) eggs by predatory insects on potato plants. Rates of predation were 
determined by recording the number of Leptinotarsa decemlineata egg masses that were 
attacked after being placed in the field for three days. The type of egg attack was 
characterized as damage due to either piercing-sucking or chewing predators. While no 
significant differences between treatments were observed, there was a tendency for higher 
levels of predation in lure treated plots compared to untreated plots. Coleomegilla maculata 
(Coleoptera: Coccinellidae) and Chrysopidae were the predatory insects with higher 
frequencies in lure treated plots. 
From July to August 2002, an experiment was conducted to determine if 2-phenylethanol 
could attract predatory insects to enhance the predation of Ostrinia nubilalis (Lepidoptera: 
Crambidae) egg masses. Lures releasing 2-phenylethanol were placed in the middle of 
experimental plots and O. nubilalis egg mortality was monitored 1, 3, and 5 m from the lures. 
Half of the egg masses were collected 24 hr following placement of 2-phenylethanol, and the 
remaining egg masses were collected at 72 hr. The percentage of O. nubilalis eggs damaged 
in each individual egg mass averaged 34 % in lure treated plot compared to 28 % in control 
plot. This greater damage was attributed primarily to sucking or chewing predators, 
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presumably Chrysopidae spp. and C. maculata, which showed a trend toward higher numbers 
in lure plots. 
Introduction 
Natural enemies of herbivorous insects base their foraging behavior on the first trophic 
level (plants) and second trophic level (pest populations); both plants and pest insects release 
volatile compounds that are perceived by natural enemies (Vet and Dicke 1992). These 
volatile compounds involved in the chemical interaction between organisms are called 
semiochemicals (Vet and Dicke 1992). Semiochemicals have been used in agroecosystems 
to arrest predatory species and parasitoids, thus enhancing the responses of natural enemies 
in integrated pest management (IPM) programs (Lewis et al. 1975, Vet and Dicke 1992, Hare 
and Luck 1994, Meiners et al. 1997). For example when tricosane, a Helicoverpa zea 
(Boddie) (Lepidoptera: Noctuidae) moth kairomone, is applied to soybean leaves, higher 
levels of parasitism of Anticarsia gemmatalis (Huebner) (Lepidoptera: Noctuidae) and H. zea 
eggs were observed by Trichogramma pretiosum (Riley) (Hymenoptera: Trichogrammatidae) 
(Lewis et al. 1975). This response represented a 20% increase in H. zea and A. gemmatalis 
egg parasitism in treated tricosane plots compared to untreated plots. Tricosane under 
controlled environments intensified the searching behavior of T. pretiosum and increased the 
level of H. zea egg parasitization by 42% (Lewis et al. 1975). 
In other examples of semiochemical use in IPM programs, pest volatile compounds were 
used to attract the natural enemies into agroecosystems. Tunings et al. (1990) reported that 
terpenoids released by corn seedlings attracted the parasitoid Cotesia marginiventris 
(Cresson) (Hymenoptera: Braconidae) only after injury was caused by Spodoptera exigua 
(Huebner) (Lepidoptera: Noctuidae). Such terpenoids have potential applications in 
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biological control by arresting natural enemy populations in a target area (Turlings et al. 
1990). 
Recently, the potato pest, Colorado potato beetle (CPB), Leptinotarsa decemlineata Say 
(Coleoptera: Chrysomelidae), has been managed with semiochemicals. To reduce the 
damage of L. decemlineata in potato fields, investigators have attempted to increase the rates 
of predation by natural enemies. The use of the spined soldier bug Podisus maculiventris 
(Say) (Heteroptera: Pentatomidae) pheromone (soldier bug attractors~') has been evaluated to 
reduce populations of L. decemlineata by attracting and increasing predator numbers 
(Aldrich and Cantelo 1999). In a two year study, a reduction of pest individuals was 
observed during one year. Leptinotarsa decemlineata populations were higher during the 
second year. Positive responses included fewer egg masses and larvae of L. decemlineata in 
lure plots, compared to control plots. Also the number of insecticide applications against this 
pest was reduced when the pheromone was used. This pheromone is currently used to attract 
P. maculiventris for mass rearing (Aldrich and Cantelo 1999). 
Electroantennogram (EAG) studies have documented that Coleomegilla maculata 
(Coleoptera: Coccinellidae) and Chrysoperla carnea (Neuroptera: Chrysopidae) adults 
respond to volatile plant chemicals (Zhu et al. 1999). Adults of both predatory species 
respond to the volatile compound 2-phenylethanol, emitted from corn leaves. This 
compound was especially attractive to C. carnea females and both sexes of C. maculata. The 
antenna from male C. maculata also responded to 1-octen-3-ol. The fact that 2- 
phenylethanol attracted more than one predatory species, stimulated the commercialization of 
2-phenylethanol as an attractant for manipulation of these natural enemies 
(http://www.~ardensalive.com). The predatory species include several species of 
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Coccinellidae and Chrysopidae, generalist predators that feed on L. decemlineata and 
European corn borer (ECB) Ostrinia nubilalis (Lepidoptera: Crambidae) (Andow 1990, 
Phoofolo and Obrycki 1997, Phoofolo et al. 2001). Because of the relative importance of O. 
nubilalis as pest on sweet corn and maize in the United States (Mason et al. 1996), many 
studies have been conducted to examine alternative control methods for O. nubilalis. The 
attractant 2-phenylethanol developed from corn leaves has been reported as a potential novel 
method to promote the biological control of these important pests (Zhu et al. 1999). The 
objective of this study was to evaluate the predation ofLeptinotarsa decemlineata and O. 
nubilalis egg masses induced by 2-phenylethanol in potato plots and corn fields. 
Materials and Methods 
Use of 2-phenylethanol in Potato Plot 
Location, Planting, Plot Design 
On June 1 2001, 70 potato (Solanum tuberosum) tubers (variety Cobbler) were planted in 
15 x 1 S cm pots in the greenhouse. After 3 weeks, 60 plants were transplanted to the Burkey 
farm, 10 km west of Ames, Iowa. One control and one experimental plot were established, 
and separated by 1 SO m. Thirty plants (6 rows of 5) were planted in each plot, with 1 m row 
spacing and 50 cm between plants (Fig. 1). Each plant was fertilized (Garden Basics') when 
it was transplanted and then watered three times a week. The east plot was designated as a 
control, which was surrounded by corn and winter wheat. The experimental plot was 
surrounded by soybeans and corn. 
To evaluate the effect of a semiochemically based attractant on rate of predation of L. 
decemlineata eggs, one 2-phenylethanol attractant lure was attached to a metal stick at 50 cm 
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above the soil and placed in the middle of the experimental plot. The lure was replaced every 
two weeks. Weeds were removed every week. No insecticide treatments were applied to the 
plots or to the surrounding fields. 
When the plants reached 1 S to 20 cm, two L. decemlineata egg masses were taped to the 
underside of two leaves on each of eight plants (Fig. 1). The number of eggs in each egg 
mass was recorded before it was placed in the field. Egg masses were placed in the field on 
July 10, 13, l6, 20, 23, 27, 30 and collected on July 13, 16, 20, 23, 27, 30 and Aug 3. Egg 
masses remained in the field for three or four days and then were collected in petri dishes and 
transported to the laboratory. 
In the laboratory, damage to L. decemlineata egg masses was examined using an 
Olympus SZH stereomicroscope and was quantified using two different methods. The first 
method determined the number of damaged vs. undamaged egg masses. The second method 
determined the number of individual eggs that were undamaged, attacked by chewing 
predators (a trace of the chorion remained attached to the leaf surface) and deflated by a 
sucking predator (fluids were siphoned leaving the collapsed chorion). 
Abundance%ccurrence of predatory insects 
The insects occurring in the two plots were collected and identified concurrently with egg 
mass collection. The hand removal technique allowed the determination of the number of 
predators present in the potato canopy that might be feeding on L. decemlineata egg masses. 
The pitfall traps were used to assess ground dwelling predators that are often nocturnal and 
climb the plant to feed on L. decemlineata egg masses. One pitfall trap was placed in each 
plot. Defoliation by blister beetle (Coleoptera: Meloidae) was high in the control plot; thus 
this pest was removed by hand to avoid loss of foliage. Voucher specimens are deposited in 
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the Iowa State University Insect Collection, Department of Entomology, Iowa State 
University, Ames, Iowa. 
Statistical Analysis 
The two methods for assessing damage to L. decemlineata egg masses were analyzed 
separately. The first method, which quantified the number of damaged vs. undamaged egg 
masses, was modeled with a linear model that treated date, treatment, and their interaction as 
fixed effects. These data were analyzed with ANOVA. For each release date, comparisons 
between the treatments were conducted via t-tests; Bonferonni's method was used to account 
for the multiple tests. In the analysis for the second method of damage assessment, the 
percentage of individual eggs damaged per egg mass, either by sucking or chewing predators, 
was modeled and analyzed in the same way as the number of egg masses damaged using a 
linear model that treated date and treatment as fixed effects. The percentage of damaged eggs 
per egg mass was calculated using the following formula: 
of eggs damagedlegg mass = total number of damaged eggs in egg mass 
total number of eggs in egg mass 
All analyses were conducted using general linear models procedure (SAS Institute 2000). 
Use of 2-phenylethanol in Corn Field 
Location, Planting, and Plot Design 
This experiment was conducted at three Iowa State University research farms near Ames, 
Iowa, from July to August 2002. The Sorensen and Bruner fields are located at the Iowa 
State University Agronomy farm 7 miles west of Ames, Iowa. The Hinds farm is located 4 
miles north of Iowa State University. The corn hybrid Pioneer 35M95 was planted at the 
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Sorensen and Bruner farms on April 26. The corn hybrid Fontanelle 4741 was planted at the 
Hinds farm on May 7. The row spacing was 76 cm and the plant spacing was 20.3 cm. 
The size of the fields ranged from 2 to 14 ha. Within each cornfield, a plot 96 m wide 
and 90 m long was divided into 2 adj acent sections 48 m wide and 90 m long aligned west to 
east (Fig 2). Four plots (10 m X 10 m) were located longitudinally within each of the 2 
sections. These plots were 10 m from the edge of the section, and separated by 10 m from 
the following plot. The 4 plots were separated by 56 m from plots in the adjacent section 
(Fig 2). Within each plot, 26 plants were selected in a cross pattern, with one axis of the cross 
oriented with the middle row of corn in each plot. Treatments, 2-phenylethanol attractant 
lure and no lure (control), were located in adjacent sections of the plot to prevent potential 
lure effects on control plots. The lure was clipped on upper-most leaf in one of the two 
center maize plants as indicated in Figure 2. Along each axis of the cross, pairs of plants 
were selected at Om, 1 m, 3m and Sm from the pair of plants in the center of the cross for a 
total of 13 pairs of plants per plot. Each plant was marked with a colored flag. On each 
selected plant one egg mass was attached with a paper clip to the abaxial section of a corn 
leaf in the middle of the plant. As the plants grew, the egg mass was placed approximately at 
the same height from the ground. 
The USDA-ARS Corn Insects and Crop Genetic Research Unit in Ames, IA provided 
one-day-old O. nubilalis egg masses laid on wax paper. One egg mass on wax paper was 
clipped at 1.50 m above the ground, on the abaxial section of a leaf in each of the previously 
selected maize plants as indicated in Figure 2. 
Response of Predators to 2 phenylethanol Attractant Lure 
To determine the response of predators to the lure, one egg mass was randomly collected 
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from each pair of plants at Om, lm, 3m and Sm from the lure. Thirteen egg masses were 
collected 24 hr after release in both the control and treated plots. The other 13 egg masses 
were collected 72 hr after release from the remaining plants. 
After collecting the egg masses that remained in the field for 72 hr, the lure was placed in 
its original package and stored at 4 °C. Anew lure was used every two weeks. 
The collected egg masses were placed in vials and examined using an Olympus SZH 
stereomiscrocope to determine the type of predation and the percentage of damaged egg 
masses. The categories of egg predation followed those developed by Andow (1990). Egg 
predation by sucking predators (sucking predators removed the fluids of the egg, thus the 
collapsed chorion remained) was distinguished from egg predation by chewing predators 
(either a trace of the chorion remains attached to the leaf surface or all the chorion was 
removed). 
To estimate the percent of eggs damaged within each egg mass, each egg mass was 
visually divided in four quadrants. Each quadrant represented 25% of the egg mass. An 
estimate of the percentage of damaged eggs was calculated using the percentage of the 
quadrants that contained damaged eggs. 
To determine the number of O. nubilalis eggs in each egg mass released in the field, we 
calculated an average number of eggs per egg mass. This was accomplished by selecting 20 
egg masses from the O. nubilalis colony that were approximately the same size as egg 
masses placed in the field. Each of these 20 egg masses were individually enclosed in glass 
vials at 25 °C and a photoperiod of 16:8 until eclosion. The number of larvae that hatched 
from each egg mass was recorded and the average was found to be 26 larvae per egg mass. 
SO 
Abundance%ccurrence of predatory insects 
A visual survey of the predatory species was conducted of corn plants in the plots during 
the collection of egg masses (at 24 hr and 72 hr after releases). Predatory species were 
visually identified and counted on 14 plants along the axis of the cross in the adjacent row to 
the corn plots in the control and treated plot (Fig. 2). 
Statistical Analysis 
Sucking, chewing, or the combined (sucking +chewing) predation of Ostrinia nubilalis 
egg masses, and predator insect survey data were analyzed via ANOVA as asplit—split—split 
plot fixed-effect structure with the whole plot (month) treated as having four replications per 
month. Eight O. nubilalis egg masses releases were done from July 8 to August 27, 2002. 
The treatments (lure and control), distance from the lure (0, 1, 3 and 5 m), and time of egg 
mass collection (24 and 72 hr) represented the split, split-split, and split-split-split plots, 
respectively. The experiment was conducted at three locations —providing replication for the 
three different types of split plots. When appropriate, Bonferroni's method was used to 
adjust p-values and intervals for multiple testing situations. 
Uncontrolled environmental conditions decrease the precision of field studies. This 
inaccuracy effect might be due to factors that interact with treatment effect, including wind, 
rainfall, temperature or humidity (Little and Hills 1978). For this reason, field studies such 
as Giles et al. (1994) often define a p-value < 0.1 as the threshold at which main effects and 
interactions are defined as significant. This level of significance is used in this study. 
S1 
Results 
Percentage of L. decemlineata eggs attacked per egg mass 
There was a tendency toward higher number of damaged eggs within an egg mass in plot 
treated with 2-phenylethanol compared to untreated plot (Fig.3). When the damage was 
categorized within an egg mass, there were no significant differences in undamaged, sucked 
or chewed eggs between lure and control plots when data from a117 egg mass deployment 
dates were combined (p = 0.3727) (Table 1) (Fig. 3). Although not significant, the lure plot 
showed a tendency of more chewed (p = 0.9925) (Table 1) and sucked (p = 0.2089) (Table 1) 
eggs compared to the control. Reciprocally, the percentage of undamaged eggs per egg 
masses showed a trend of being higher in the control plot (Fig. 3). When evaluating egg 
mass deployment dates individually for combined damage due to chewing and sucking 
predation in lure vs. control plot, no significant differences were observed between 
treatments on any date (Fig. 4) however, there were significant differences among release 
dates (Table 1). 
Percentage of L. decemlineata egg masses attacked 
There were no significant differences in the percentage of egg masses attacked between 
lure and control during the seven dates of releases (p = 0.16) (Table 2). However, there was 
a trend toward higher percentage of damaged egg masses in the lure treated plot compare to 
untreated plot (Fig. 5). There were no significant differences between lure treated and 
control plots in the percentage of sucked egg masses (p = 0.23) (Table 2). There were 
significant differences in egg masses attacked by chewing predators in the lure treated plot, 
compared to the control plot (p = 0.10) (Table 2). 
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Arthropods in Potato Plots 
Hand removal data 
Insects that were removed weekly from lure and control plots included individuals from 
four predatory families of the order Coleoptera: Coccinellidae (Coleomegilla maculata), 
Cicindelidae, Carabidae, and Meloidae (Table 3). Seven C. maculata adults were found in 
the lure plots but only two were collected in the control. Blister beetles (Coleoptera: 
Meloidae) were found only in the control plot. Other predators removed from plots included 
larvae of Chrysopidae spp. (Neuroptera: Chrysopidae), and Orius insidiosus (Hemiptera: 
Anthocoridae). Chrysopidae larvae were only found in the lure plot. Unidentified spiders 
and Hymenoptera: Formicidae were also found in lure and control plots on all seven sample 
dates. 
Pitfall Trap Data 
Insects collected in pitfall traps in treated and untreated plots included three families from 
the order Coleoptera: Carabidae, Meloidae, and Coccinellidae (C. maculata) (Table 4). Only 
C. maculata was captured using pitfall traps. Five C. maculata were found in the lure plot 
and 2 in the control plot (Table 4). Twenty Meloidae were collected in the control plot. 
Spiders and Formicidae were also collected in lure and control plots. 
Total percentage damage of O. nubilalis per mass 
The heterogeneity analysis for locations was not significant, suggesting that the response 
of the insects to the treatments across location was similar. Therefore, the data was 
combined and analyzed as indicated in the statistical analysis section. A significant month 
by time interaction (p = 0.002) (Table 5) was obtained, indicating that the level of predation 
at 24 or 72 hr following release was different in July and August (Fig. 6). To elucidate this 
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two-way interaction, the effects of month for each level of time were tested, and the p-values 
adjusted with Bonferroni's correction. This analysis revealed significant differences in the 
level of predation during July (p = 0.0688) at either time of egg mass collection. In addition, 
a significant difference was obtained in August (p = 0.0002), indicating that the level of 
predation was higher at 72 hr compared to 24 hr after placement of egg masses (Fig. 6). 
The effect of higher predation during the month of August at 72 hr of lure placement was 
observed in the interaction effects of month and time (p = 0.0002) (Table 5), where there was 
a tendency for more egg damage on August at 72 hr. When the data were analyzed by 
individual egg damage categories, non-significant (p = 0.7672) and significant (p = 0.0003) 
interactions were obtained for chewing and sucking damage, correspondingly (Table 6) (Fig. 
7A,B). 
The only significant three-way association in the ANOVA was the treatment by distance 
by time interaction (p = 0.0194) (Table 5) (Fig. 8A and 8B). To further characterize the 
three-way interaction, for each combination of distance and time, the treatments were tested 
for differences and multiple comparisons adjusted according to Bonferroni's correction. The 
percent damage per egg masses at 1 m distance at 72 hr in the lure plot was significantly 
higher than the control (p = 0.0248) (Fig. 8B). 
When analyzing the effects of the treatments (lure plot and untreated plot), ap =value of 
0.0774 (Table 5) was obtained for the total D. nubilalis egg mass damage (Fig. 9A). 
However when total damage was analyzed individually as chewed or sucked damage, 
significant and non-significant p values of 0.1065 and 0.2362 were obtained for treatments 
(Fig 9B and Fig. 9C), respectively: 
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Arthropods in corn field 
In July more predators were observed 24 hrs after lure placement compared to 72hr, 
however, no statistical differences between evaluation times occurred in August (Fig. l0A). 
The higher number of predators in July was predominantly caused by the increase in 
frequency of Chrysopidae larvae, C. maculata, and Harmonia axyridis larvae and adults 
which were observed feeding on O. nubilalis egg masses in treated and untreated plots (Fig. 
11 C). 
The time of sampling, 24 and 72 h after placement of egg masses in the field (p = 0.0392) 
and the interaction of month by time of sampling (p = 0.0321) appeared significant for the 
number of Chrysopidae larvae per plant. The presence of Chrysopidae larvae was higher at 
24 hr than 72 hr during the month of July, no differences were found between times of 
sampling in August (Fig. l OB). 
An increased number of C. maculata larvae and adults (p = 0.0370) and Harmonia 
axyridis adults (p = 0.0563) were observed at 24 hr compared to 72 hr. (Fig. 11A and 11B) 
respectively. No other variable showed significant differences for the presence of these 2 
predatory species. The percentage of Chrysopidae and C. maculata did not show a consistent 
pattern in plots treated with 2-phenylethanol during the eight release dates. However, 
Chrysopidae larvae showed a tendency toward higher numbers in lure plots compared to 
untreated plots (Fig. 10 B). 
The arachnida population only showed significant differences between months (p = 
0.0073). An increased number of spiders were found in the month of July compared to 
August (Fig. 11 D). Higher numbers of Orius spp. were observed at 1 m away from the 
center of the plot in both lure and control plot (p = 0.0356) (Fig. 11 C). 
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Discussion 
while much information exists regarding the communication of insects through chemical 
means, the applicability of semiochemicals as tactics to increase and maintain populations of 
beneficial insects is still under evaluation in integrated pest management programs (Curr et 
al. 2000). Attempts have been made to preserve and increase the overall effectiveness of 
entomophagous insects with artificial honeydew and artificial pollen sprays. Hagen et al. 
(1971) reported that artificial honeydew spray simulated the honeydew produced by aphids 
or mealybugs. This spray attracted and increased oviposition by C. carnea and lady beetle 
adults on alfalfa plants. Another example of semiochemical use as attractants for natural 
enemies was developed by Aldrich and Cantelo (1999), who successfully enhanced the 
densities and conserved the spined soldier bug predator, Podisus maculiventris (Heteroptera: 
Pentatomidae), using an aggregation pheromone patented as the commercial product soldier 
bug attractors®. This commercial product was evaluated under field conditions to au ent 
P. maculiventris adults, increase their offspring, facilitate mass production, and promote their 
dispersal in L. decemlineata infested potato fields. Soldier bug attractors® reportedly 
attracted an average of 1775 P. maculiventris females per trap within 17 days of placement in 
the field. when this number of P. maculiventris is used to start a laboratory colony, they 
could produce 1.6 million adults that could then be released in the field. Aldrich and Cantelo 
(1999) reported that in the first year of investigation, soldier bug attractors® increased P. 
maculiventris populations that significantly reduced the number of L. decemlineata egg 
masses in plots treated with the pheromone compared to control plots. The number of L. 
decemlineata adults in the first year was 0.22 adults per plant. However in the second year 
of study, L. decemlineata populations reached from 0.31 to 3.8 adults er lant, and there 
p p 
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was no effect of the pheromone between treated and un-treated plots. This suggested that the 
soldier bug attractors~ is effective on L. decemlineata at low population densities, which may 
be not be typical of some potato production systems. 
Zhu et al. (1999) evaluated the effectiveness of several host and plant chemicals as 
attractants for C. maculata and C. carnea adults. Sticky traps treated with 2-phenylethanol 
strongly elicited C. maculata and C. carnea adult behavior (Zhu et al. 1999). 2- 
phenylethanol is a common plant chemical, produced by corn and alfalfa, which is available 
through the commercial product Benallure~ as an attractant for C. maculata and Chrysopidae. 
Based on Zhu et al. (1999) findings, we evaluated the applicability of 2-phenylethanol as an 
attractant for C. maculata and C. carnea in corn and potato, to enhance rates of predation by 
these predatory insects on O. nubilalis and L. decemlineata eggs. 
I observed no adult Chrysopidae in control or lure plots in either potato or corn plots at 
any time point. However, Chrysopidae larvae were observed in both the control and lure 
plots. Adults likely were present in control and lure plots as well, but Chrysopidae adults are 
most active in the evening and at night (Duelli 1980). The fact that my samples were 
collected from 0900 and 1200 hours on each sampling date in both lure and control plots may 
account for the absence of adults. 
In Iowa there are two species of Chrysopidae, C. carnea and Chrysopa oculata which are 
very common in agricultural systems (Phoofolo et a12001). These polyphagous predatory 
insects have been observed in corn, potato, and alfalfa fields feeding on Acyrthosiphon 
pisum, O. nubilalis and L. decemlineata eggs (Heimpel and Hough-Goldstein 1992, Phoofolo 
and Obrycki 1997, Phoofolo et al. 2001). Therefore, the populations of Chrysopidae larvae 
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that damaged the L. decemlineata and O. nubilalis egg masses in this study may have been 
either C. carnea and C. oculata. 
The potato experiment was not replicated in space or time, therefore the effect of 2-
phenylethanol as a tool to increase predation of L. decemlineata egg masses by C. maculata 
and C. carnea was not thoroughly evaluated. Non-significant differences in the main effects 
were observed; however, there was a tendency for more egg damage in plots treated with 2-
phenylethanol compared to untreated plots. The lack of significant differences between lure 
plot and untreated plot was probably attributable to the removal of predatory insects from the 
experimental plots. Removal of C. maculata larvae and adults, C. carnea larvae, and other 
predatory insects from potato plants altered the dynamics of the insect populations and 
affected the potential for predation of L. decemlineata egg masses. Insect surveys conducted 
byhand-removal and pitfall sampling provided fewer than 30 individuals, which is the 
minimum number of observations required to perform statistical analysis through chi-square 
(x2) (SAS 2000). Nevertheless, there was a tendency for more C. maculata larvae and adults 
and C. carnea larvae to be observed in lure plots compared to control plots. Our data support 
the finding of Zhu et al. (1999) who reported attraction of C. carnea and C. maculata by 2-
phenylethanol. The fact that C. maculata was found in both hand removal and pitfall trap 
sample methods, suggests that this predator was highly mobile in searching for prey on the 
ground and canopy of potato plants. The pitfall method permitted sampling during periods of 
the day when visual assessments were not conducted. 
Due to the limited production of L. decemlineata eggs reared under greenhouse 
conditions, we decided to work with O. nubilalis eggs, which are easier to reproduce under 
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laboratory conditions. Therefore, the effect of 2-phenylethanol on O. nubilalis egg predation 
was investigated in maize. 
There was a significantly higher number of O. nubilalis eggs attacked per egg mass in 
plots treated with 2-phenylethanol compared to untreated plots. This significant effect of the 
lure on egg damage was observed only in August at 72 hr after egg mass placement. 
Although egg damage did show one time point of significant difference between control and 
lure plots, predator abundance was never significantly different between treated and 
untreated plots. The ability of 2-phenylethanol to attract predators could be masked by 
alternative food sources. For example, corn leaf aphids (Rhopalosiphum maidis, Homoptera: 
Aphididae), an alternative food for C. maculata and Chrysopidae larvae were observed to be 
more abundant in July, when predator populations were also high in both control and lure 
plots (Fig. 10). The effectiveness of the lure may have been masked by the ability of corn 
leaf aphids to also attract predators. This would explain the lack of significant differences in 
predator abundance in July between lure and control plots. However, when corn leaf aphids 
were absent in August, there were still no differences in predator abundance between control 
and lure plots (Fig. 10). This could indicate that other factors are also masking the lure's 
effect in August. 
Another effect that might mask the effect of 2-phenylethanol on predator abundance in 
July was the presence of pollen released by maize plants towards the end of July. Previous 
studies have suggested that predatory insects require complex diets in their adult stages, 
including pollen and honeydew thus, higher populations remain in the field when prey 
density is low. For example, Giles et al. (1994) demonstrated that C. maculata remained in 
alfalfa fields, even when populations of Hypera postica (Coleoptera: Curculionidae) and 
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Acyrthosiphon pisum (Homoptera: Aphididae) were low, only when pollen from dandelion 
serves as an alternative food source. Therefore, the presence of maize pollen may also be 
masking the ability of the lure to attract predators. 
Similarly, the presence of corn pollen and corn leaf aphids towards the end of July might 
explain why predatory insects were more .abundant in that month compared to August. 
Therefore, despite the trend of higher abundance of predators in July, the damage of O. 
nubilalis egg masses in this month might have been reduced by the presence of corn leaf 
aphids and pollen, 
Pollen, corn leaf aphids, and 2-phenylethanol may have an additive affect on the 
attraction of predatory insects to the corn field. Although the predator abundance data did 
not always show an additive effect of the lure (e.g., no significant difference between lure 
and control plot abundance data), this may explain why the rates of predation of O. nubilalis 
egg masses tended to be higher in plots treated with 2-phenylethanol. 
The time of egg mass collection was another factor that showed significant differences 
between treatments. The percentage of damaged egg masses was higher at 72 hr after egg 
masses were placed in the field compared to the 24 hr time for both July and August (Fig. 6). 
This response was predictable, because O. nubilalis egg masses at 72 hr remained in the field 
three times longer than the 24 hr evaluation. Therefore, the extended exposure to predation 
at the 72 hr evaluation allowed for greater predation of O. nubilalis egg masses. 
when data are combined for both months, an average of 28% and 38% of egg masses 
were damaged at 24 hr and 72 hr after placement in the field, respectively. The rate of 
predation at 24 hr (28% of eggs masses damaged per day) was twice the daily rate at 72 hr 
(13 % of egg masses damaged per day}. This suggests that a large proportion of the 
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predation of O. nubilalis egg masses may occur within hours or perhaps minutes of 
placement in the field. 
When O. nubilalis egg masses were placed in the field for eight days and then returned to 
the lab to hatch, Phoofolo et al. (2001) reported that 37 % of O. nubilalis egg masses 
produced larvae. In this study, I found that 38% of O. nubilalis egg masses were damaged 
after 72 hrs in the lure treatment, but I did not test for viability of unhatched eggs. It should 
also be noted that Phoofolo et al. (2001) defined a damaged egg mass as any egg mass with 
>50% of eggs damaged, whereas an egg mass with any observed damage was classified as 
damaged in this _study. Due to differences in the length of egg mass placement in the field 
and differences in damage assessment, it is unclear whether the presence of the lure increased 
the percentage of damaged egg masses compared to Phoofolo et al. (2001). 
Once a lure is placed in the field, the behavior of predatory insects is altered and their 
populations are attracted to the chemical stimulus of 2-phenylethanol (Zhu et al. 1999). 
Further investigation is needed to understand the effect of 2-phenylethanol attraction on 
predatory insect populations in the field, minutes or < 24 hours of Benallure® placement. 
Egg mass predation was categorized as either due to sucking or chewing predation using 
a microscope in the laboratory, but the number of un-hatched eggs within the egg mass was 
not recorded. Previous studies have demonstrated that biotic factors including fungi, 
bacteria or predatory insects cause mortality of O. nubilalis egg masses. Lynch and Lewis 
(1978) stated that damage of O. nubilalis egg masses by C. maculata, C. carnea and O. 
insidiosus induces the growth of polyphagous fungi and bacteria. These opportunistic 
pathogens, Nosema pyrausta (Microspora: Nosematidae) and Beauveria bassiana 
(Deuteromycotina: Hyphomycetes), grow on injured and uninjured O. nubilalis egg masses 
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and increase the mortality of O. nubilalis egg masses. Thus, egg masses that are partially 
consumed by predatory insects are infected by fungi and bacteria, which further reduce egg 
survival. For instance, it has been reported that 28% of the O. nubilalis egg masses attacked 
by C. maculata developed fungi growth compared to 0 %development in uninjured egg 
masses (Lynch and Lewis 1978). Therefore, the effect of 2-phenylethanol to attract natural 
enemies which damage O. nubilalis egg masses maybe enhanced by the presence of 
pathogens, which further reduce the percentage of egg hatching (Lynch and Lewis 1978). 
The occurrence of predatory insect species was recorded through visual monitoring. In 
July higher numbers of predatory insects were observed 24 hr following placement of 2- 
phenylethanol compared to 72 hr, however this difference was not observed in August. This 
pattern was observed only with Chrysopidae larvae and C. maculata larvae and adults, but 
not with the other predatory species monitored. 
A survey of predatory insects in maize demonstrated that the occurrence of predatory 
insects, correlated with the presence of maize pollen (Pilcher et al. 1997). In this study, C. 
maculata larvae and adults, larvae of Chrysopidae spp., and Orius spp. adults were more 
abundant on maize plants during pollination (July 16 to July 30) than after pollen shed. 
Alternative food sources including pollen, as stated by Pilcher et al. (1997), could have 
stimulated the higher number of insect predators in July. 
The behavior of coccinellids was affected by time after lure placement, resulting in the 
presence of more larvae and adults of C. maculata and Harmonia axyridis 24 hr after 2- 
phenylethanol placed in the field. 
Spiders were other predatory species observed in the survey, their populations were 
significantly different between months. Possibly, the behavior of spiders was affected by 
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other stimuli; weather conditions, the distribution of prey, and the phenological stage of the 
crop are important factors that may affect the spider population. 
Phoofolo et al. (2001) reported that C. maculata, C. carnea and C. oculata, and Orius 
species are the most common predatory insects feeding on O. nubilalis egg masses in corn 
fields. Chewing damage was attributed to C. maculata, and the piercing-sucking damage 
was due to Chrysopidae larvae and Orius species (Phoofolo et al. 2001). Similar to Phoofolo 
et al. (2001), I observed the same predatory insect species in corn fields, which include C. 
maculata, Chrysopidae species, and Orius spp, with C. maculata and Chrysopidae often 
being the most abundant (Table 6). Because a greater proportion of egg damage was caused 
by chewing predators (Fig. 9 B, C) and C. maculata has been identified as a chewing 
predator (Phoofolo et al. 2001), it is possible that C. maculata is the most significant predator 
on O. nubilalis egg masses in this study. 
The high predatory insect populations observed in July might suggest that 2-
phenylethanol enhanced O. nubilalis egg damage, but the effect of the lure was affected by 
the plant development stage, and the presence of pollen and other prey insects including corn 
leaf aphids. Based on the significant differences between plots treated with 2-phenylethanol 
compared to untreated plots, I propose that this volatile compound has potential in integrated 
pest management (IPM) programs as a strategy to manipulate natural enemies. Future 
research should focus on evaluating the effect of the 2-phenylethanol over at least two years 
of study in order to obtain a precise measure of the treatment effects. Additionally, the study 
should focus on biotic factors, eg., pollen and other phytophagous population, which may 
alter the performance of 2-phenylethanol in the field. 
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Figure 1. Placement of Leptinotarsa decemlineata egg masses on potato plants at the Iowa 
State University Burkey farm in 2001. The bold numbers are the plants receiving L. 
decemlineata eggs. The distribution of egg masses was similar in the experimental and 
control plot, but a lure releasing 2-phenylethanol was placed in the middle of the 
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Figure 2. (A). Distribution of the plots where lure and control plots were located in Bruner, 
Sorensen, Hind farms during 2002. (B). Distribution of Ostrinia nubilalis egg masses on 
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Figure 3. Percentage of damaged L. decemlineata eggs per egg mass (mean + SE) on potato 
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Figure 4. Percentage of damaged L. decemlineata eggs per egg mass (mean + SE) on potato 
plants in each release dates in 2001. Bars represent the means of 16 egg masses placed in 





































Figure 5. Percentage of damaged L. decemlineata egg masses (mean + SE) on potato plants 




















Figure 6. Effect of collection time and month on the percent damage of O. nubilalis egg 
masses (mean + SE). Bars represent the mean of 8 release dates from July 8 to August 27 
2002. Egg masses were placed in corn fields at Bruner, Sorensen and Hind farm. 
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Figure 7. (A) Percent chewing damage (mean + SE) and (B) percent sucking damage of O. 
nubilalis egg masses in control and 2-phenylethanol lure plots at two times of egg masses 
collection and two months. Bars represent the mean of 8 release dates from July 8 to August 
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Figure 8. Effect of distances from the lure on the percent damage of O. nubilalis egg masses 
after 24 hr (A) and 72 hr (B) in the field. Bars + SE represent the mean of 8 release dates 
from July 8 to August 27 2002. 
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Figure 9. Total percentage damaged O. nubilalis eggs per egg mass (A), percent chewing 
damage (B) and percent sucking damage (C) of O. nubilalis egg masses in control vs. 2-




































Figure 10. (A) Effects of month and sampling time on the presence of predatory insects 
observed on corn plants in control and lure plots. (B). Effects of month and sampling time on 
the frequency of Chrysopidae in maize plant. Bars + SE represent the mean of 8 release dates 
from July 8, to August 27, 2002. 
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Figure 11. (A) Presence of C. maculata at 24 hr and 72 hr after lure deployment. (B). 
Presence of Harmonic axyridis at 24 hr and 72 hr after lure deployment. (C). Presence of 
Orius spp. at different distances from the lure. (D). Effects of month on the arachnida 
population in maize plants. Bars + SE represent the mean of 8 release dates from July 8, to 
August 27, 2002. 
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Table 1. ANOVA table for percentage damaged Leptinotarsa decemlineata eggs per egg 
mass, and the percentage of sucked and chewed eggs on potato plants at Burkey farm in 
2001. The analysis was conducted from the data of seven release dates from July 13 to 
August 3. 
Percentage of damaged 
egg per egg mass 
Percentage of eggs Percentage of eggs 
damaged by damaged by chewing 
piercing-sucking predators 
predators 
Effects DF F Value Pr > F F Value Pr > F F Value Pr > F 
Releases 6 4.92 0.0002 3.26 0.005 8 5.47 <0.0001 
Trt (lure) 1 0.80 0.3727 1.60 0.2089 0.00 0.9925 
Release*Trt 6 0.33 0.9210 0.53 0.7875 0.75 0.6138 
77 
Table 2. ANOVA table of percentage Leptinotarsa decemlineata egg masses damaged, and 
percentage of egg masses attacked by chewing or piercing-sucking predators on potato plants 
at Burkey farm in 2001. Analysis was conduced on the data of 7 release dates from July 13 to 
August 3. 
Percentage of egg masses attacked Percentage of egg Percentage of egg 
masses attacked by masses attacked 
piercing-sucking by chewing 
predators predators 
Effects DF F Value Pr > F F Value Pr > F F Value Pr > F 
Releases 6 2.67 0.1285 1.23 0.4055 8.10 0.0112 





































































































































































































































































































































































































Table 5. ANOVA table for percentage of O. nubilalis eggs damaged per egg mass, percent of 
chewed and sucked egg masses damaged in control and 2-phenylethanol plots. Based upon 8 
releases dates from July 8, to August 27, 2002. Egg masses were placed in corn field at 
Bruner, Sorensen and Hind farms. 
Percentage of O. nubilalis eggs 
damaged per egg mass 
Effect 
Month 
Percentage of Percentage of 
eggs damaged eggs damaged 
by chewing by piercing-
predators sucking 
predators 
DF F Pr>F F Pr>F F Pr>F 
Value Value Value 
1 2.12 0.1599 4.81 0.0392 20.25 0.0002 
Trt 1 3.43 0.0774 2.83 0.1065 1.50 0.2332 
Month*trt 1 0.06 0.8033 0.24 0.6325 0.88 0.3585 
Distance 3 1.76 0.1584 1.70 0.1695 2.86 0.0392 
Month*distance 3 1.36 0.2569 0.86 0.4631 0.87 0.4601 
Trt*distance 3 0.89 0.4466 0.53 0.6624 1.48 0.2243 
Month*trt*distance 3 0.86 0.4615 0.57 0.6344 0.77 0.51 SO 
Time 1 46.00 <0.0001 43.68 <0.0001 0.20 0.6520 
Month*time 1 14.16 0.0002 13.45 0.0003 0.09 0.7672 
Trt*time 1 0.00 0.9964 0.04 0.83 5 8 0.17 0.6842 
Month*trt*time 1 0.79 0.3762 2.38 0.1246 4.64 0.0327 
Distance*time 3 0.03 0.9917 0.22 0.8825 0.72 0.5436 
Month*distance*time 3 0.17 0.9151 0.30 0.8229 1.25 0.2915 
Trt*distance*time 3 3.39 0.0194 2.57 0.0556 1.69 0.1712 
Month*trt*dista*time 3 0.55 0.6473 0.70 0.5536 0.55 0.6466 
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Table 6. Percentage of Coleomegilla maculata and Chrysopidae observed, relative to all 
predatory insects in 2-phenylethanol and control plots during July and August 2002 at 
Bruner, Sorensen and Hind farms. 
Date Treatment Percentage of predatory insects 
Control 
C. maculata a  Chrysopidae b
0.0 27.3 
July 8 Lure 7.7 3 0.8 
Control 17.6 5.9 
July 16 Lure 0.0 9.1 
Control 8.2 72.6 
July 23 Lure 16.7 71.9 
Control 25.0 60.0 
July 3 0 Lure 2 7.8 5 0.0 
Control 27.3 22.7 
August 6 Lure 21.7 26.1 
Control 31.3 50.0 
August 13 Lure 18.2 77.3 
Control 18.8 62.5 
August 20 Lure 15.4 76.9 
Control 42.1 42.1 
August 2 7 Lure 47.1 3 5.3 
a -Percentage of C. maculata larvae and adults 
b -Percentage of larvae and adults of Chrysopidae species 
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CHAPTER 4. GENEN:AL CONCLUSIONS 
In this thesis I have studied two techniques, artificial selection of a predatory species and 
the use of semiochemicals, to enhance the performance of natural enemies. In the f rst study, 
three trials of artificial selection were conducted to enhance larval survival of Coleomegilla 
maculata from Iowa on Leptinotarsa decemlineata eggs. In all trials, a tendency toward high 
mortality of C. maculata first and second instars was observed, ranging from 42% to 57%. 
Few individuals survived to adult stage, twelve percent for first trial and fifteen percent 
of C. maculata adults survived in the second trial. Adults obtained from the first two trials 
were mated and fed on L. decemlineata eggs, a mixture of 1:1 honey: wheast, and water, but 
no oviposition was observed during 60 days. According to Munyaneza and Obrycki (1998) 
L. decemlineata eggs are not a suitable prey for C. maculata early instars. Since, late instars 
of C. maculata feed on L. decemlineata eggs, A. pisum might be an alternative prey source of 
food for the development and survival of C. maculata during the first life stages. Diversity in 
prey preference at different developmental stages has probably favored the adaptation of C. 
maculata to agroecosystems. 
In the third trial, the survival of C. maculata was increased by feeding first instars with A. 
pisum and punctured L. decemlineata eggs. Second to fourth instars were fed on L. 
decemlineata eggs only. The adults obtained in this trial were housed in one plastic box and 
fed L. decemlineata eggs, but no oviposition was observed for three weeks until they were 
fed on A. pisum and L. decemlineata eggs. 
The progeny obtained from the third trial was fed on A. pisum and punctured L. 
decemlineata eggs during the first instar. Second to fourth instars were fed on L. 
decemlineata eggs only. No statistical differences were observed in survival, but the 
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developmental time was significantly longer in the second generation. The difference in 
developmental time between the first and second generation might be attributed to the 
temperature fluctuations in the cabinets. 
These results indicate that C. maculata oviposition occurred only when adults were fed A. 
pisum and L. decemlineata eggs. These results differ from those reported by Munyaneza and 
Obrycki (1997), who reported that C. maculata successfully reproduced on L. decemlineata 
eggs alone. One difference between these two investigations was that Munyaneza and 
Obrycki (1997) used individual pairs per half-pint cage. One possible explanation for the 
lack of oviposition in my study might be that I did not have C. maculata females to mate and 
reproduce or there was cannibalism of eggs by the adult stages. 
There are at least three factors that maybe involved in the high mortality of first instar C. 
maculata on L. decemlineata eggs. The first factor is the possibility that Iowa C. maculata 
populations are not adapted to feed on L. decemlineata eggs. This factor is supported by 
Munyaneza and Obrycki (1997) who suggest that C. maculata from Iowa are not exposed to 
L. decemlineata, because its distribution in the state is very limited. The second factor is that 
the chorion of L. decemlineata eggs might harden with the age, and C. maculata larvae that 
attempt to feed on eggs (> 24 h old) might have higher mortality than individuals that feed on 
eggs (< 24 h old). This point is related to the third factor, that may explain the high C. 
maculata mortality on L. decemlineata. The chorion of eggs is too hard for young larvae to 
manipulate. Therefore, the third factor, the time of larval transfer after hatching is an 
important aspect to consider when feeding C. maculata on different diets. Naturally, C. 
maculata first instars fed on their chorion or on unhatched C. maculata eggs, thus increasing 
their size and their ability to manipulate L. decemlineata eggs. Manipulation of C. maculata 
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for enhanced survival on L. decemlineata eggs may not be a viable approach for biological 
control of this pest, if larvae less than 24 hr old are used in the selection program. 
Nevertheless, a more effective selection program could be obtained if older first instars are 
used, which can manipulate and better feed on L. decemlineata eggs. Another factor to take 
into consideration is the number of generations of selection, for example Rana et al. (2002) 
obtained significant differences in survival of Adalia bipunctata on an unsuitable prey, Aphis 
fabae after the second generation. To determine whether enhanced survival of C. maculata 
reared on L. decemlineata eggs is a selectable trait, future efforts should focus on selecting 
the population for at least two cycles, and more than one replication of selection in the time 
would be needed to reduce the possible variability among generations. 
The second study in this thesis evaluated whether the attractant, 2-phenylethanol, 
available conunercially as the product Benallure®,can enhance the rate of predation of L. 
decemlineata and Ostrinia nubilalis egg masses. The potato experiment was conducted in 
2001 and was not replicated. Results indicated that 2-phenylethanol treated plots 
demonstrated similar predation rates of L. decemlineata eggs per egg mass compared to 
untreated plots. However, there was a tendency for more L. decemlineata eggs per egg 
masses and higher numbers of egg masses damaged in plots treated with 2-phenylethanol. 
The lack of replication probably increased the experimental error and thus reduces our 
precision to discern between the effects of 2-phenylethanol on the experimental plots. 
Surveys indicated that the populations of predatory insects were not altered by the 
attractant 2-phenylethanol. Nevertheless, C. maculata and Chrysopidae larvae were 
collected more frequently in the plot treated with 2-phenylethanol compared to untreated 
plot. Predatory insects were removed weekly from the plots, which altered the densities of 
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predators in the plots, and probably caused the lack of statistical significance in the data. 
Chrysopidae adults are primarily nocturnal insects (Duelli 1980). Zhu et al. (1999) reported 
that sticky traps treated with 2-phenylethanol demonstrated potential for attraction of C. 
maculata and C. carnea adults. The fact that predator samples were taken in the mornings 
may explain the absence of Chrysopidae adults in 2-phenylethanol treated and untreated 
plots. Therefore future investigations should include a nocturnal sampling component. 
In the corn experiment, several variables were selected to test the effect of 2-
phenylethanol, including month, time of egg mass collection after lure placement, and 
distance of an egg mass from the lure. There was higher O. nubilalis damage per egg mass 
during August compared to July. In contrast predatory insect populations were significantly 
higher in July compared to August. The contrasting predatory insect populations in July and 
the higher rate of predation in August might be associated with two factors: corn pollen and 
the corn leaf aphid Rhopalosiphum maidis (Homoptera: Aphididae}; these factors were 
higher in July and thus may provide alternative food sources for the predatory insects. 
Therefore, these two biotic factors may mask the attractive potential of 2-phenylethanol on 
predatory insects. 
The rate of predation of O. nubilalis egg masses placed in the field for 24 hr was 28% 
compared to 13 %damaged per day at 72 hr, which suggests that higher damage might occur 
during the first 24 hrs following placement of lure in the field. Enhanced damage of eggs at 
72 hrs contrasted with the survey of predatory insects which indicated that C. maculata and 
Chrysoperla carnea larvae, had a tendency to be more abundant at 24 hr compared to 72 hr 
following egg mass placement in the field. 
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The fact that I first evaluated the level of egg damage per egg mass at 24 hrs prevented 
me from determining the effects of 2-phenylethanol, a few minutes or a few hours after lure 
placement in the field. It would be interesting to evaluate the effect of 2-phenylethanol after 
one hour of placement in the field, because the response of the predatory insects to this 
volatile compound might occur in less than 24 hours. Future research should focus on the 
evaluation of the predation rate at less than one hour or one hour, and three hours. 
The percentage of damage by chewing predatory insects was higher than damage due to 
sucking insects. This trend was observed during August but not in July across ail the 
variables evaluated in this investigation (month of sampling, time of egg mass collection 
after lure placement, and distance of an egg mass from the lure). I speculate that the 
chewing damage was done by C. maculata, and the sucking damage was by Chrysopidae 
spp. These predatory insects have been reported to be relatively abundant and feed on O. 
nubilalis egg masses in Iowa (Phoofolo et al. 2001). 
The tendency for greater predation in 2-phenylethanol treated plots suggests that the 
semiochemical has potential to enhance the mortality of O. nubilalis egg masses caused by C. 
maculata and Chrysopidae spp. larvae. However, this effect depends on plant developmental 
stage and time of egg mass collection. - I suggest that more research is needed to better 
understand the interaction of 2-phenylethanol with biotic factors, for example, pollen or 
alternative prey, and abiotic factors, such as wind speed and relative humidity. To my 
knowledge this is the first investigation to evaluate the potential of 2-phenylethanol as an 
attractant for predatory insects to increase rates of predation. Hagen et al. (1971) reported 
that C. carnea was attracted to artificial honeydew on alfalfa, but this response was enhanced 
by the phenology of the plant. There were more C. carnea before anthesis than during alfalfa 
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flowering. Thus, the volatile compounds released by the plant interacted with the honeydew 
spray and increased the populations of C. carnea in alfalfa fields (Hagen 1987). 
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